The free radicals and their concentration in resin materials may impact biocompatibility and polymerization properties of dental materials. The aim of this study was to determine whether there are free radicals and to obtain useful information about thermal stability of materials using electron spin resonance (ESR) spectroscopy, TGA (Thermogravimetry Analysis) and DTA (Differential Thermal Analysis) methods. Epoxy resin-based sealers AHPlus and MM-Seal samples, freshly mixed and set, were prepared to be analysed with ESR and thermal methods. The free radicals were found in dental materials. As radical concentration in AHPlus have changed very slowly, the concentration in MM-Seal have decreased dramatically. Also, MM-Seal was found to decompose in three steps with the increasing temperature, while decomposition of the AHPlus occurred in two steps.
Introduction
The biocompatibility of endodontic materials is important for the clinical success of endodontic therapy. If these materials have toxic characteristics, then they may cause inflammatory reactions in periapical tissues [1, 2] and can interact with biomolecules in tissues. This interaction can damage living tissues [3] [4] [5] [6] . Recently, the materials with toxic characteristics have been determined by using various methods [7] [8] [9] [10] . Electron spin resonance (ESR) may be an appropriate method to investigate the materials with radical structures, having cytotoxic properties [11, 12] . The thermal analysis methods have been used to obtain useful information about thermal stability of materials and also to determine the temperature ranges in which they can be used without changes in their composition, color and structural properties [13, 14] . In vitro methods have been recommended by the American National Standards Institute, the American Dental Association [15] for evaluation of the cytotoxicity of endodontic materials. For biomedical applications using new polymeric composite materials, it is significant to know quantively the amount of residual monomer release from the surface of the polymerized composite, because of the likely harmful effects of residual monomers on tissues [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . It is well known that oxygen presence inhibits free radical polymerization of monomers of the resin. Therefore, the surface layer may contain residual monomers with unpaired electrons [26, 27] . * corresponding author; e-mail: yceylan@selcuk.edu.tr
In this study, AHPlus (Dentsply, DeTrey, Konstanz, Germany) and MM-Seal (Micro-Mega, Besancon, Cedex, France) root canal sealers were investigated using in vitro methods, such as ESR and the thermal analysis methods (thermogravimetry analysis (TGA) and differential thermal analysis (DTA)). AHPlus and MM-Seal are epoxy resin-based sealers. AHPlus consists of two-component paste root canal sealer, based on polymerization reaction of epoxy resin-amines.
Experimental
Trade names, manufacturer, and ingredients of the materials used in the present study are listed in Table I . The samples were mixed according to manufacturer's instructions. AHPlus and MM-Seal samples, freshly mixed and set, were prepared. The freshly prepared endodontic sealers were left in a humid chamber at 37
• C. ESR measurements were carried out in aerobic environment between 25
• C and 37
• C using ESR X-BandBruker EMX 081 spectrometer (Rheinstetten, Germany) in Saraykoy laboratory of TAEK (Turkish Atomic Energy Authority). Freshly mixed samples were placed into the quartz tubes with a diameter of 4 mm using a teflon bar, in the same way the set samples with surface area of about 2 mm 2 and thickness of 1 mm were placed in cylindrical quartz tubes with diameter of 4 mm. The set samples were stored in a humid environment at 37
• C. The g-factor was found by comparison with a DPPH sample (g = 2.0036).
Thermo-analytical TGA, DTG, and DTA curves were obtained simultaneously by using a Shimadzu DTG-60H Thermal Analyzer. Thermal measurements were performed under flow of nitrogen and air atmosphere with (B-479) a flow rate of 50 ml min −1 in the temperature range of 25-1000
• C. The heating rate was 10
Highly sintered-Al 2 O 3 was used as the reference material.
Results and discussion
ESR is a useful method for direct detection of radical structures. The results obtained in these experiments were reproducible. Each experiment was repeated at least twice. No difference was observed in ESR results.
ESR analysis of AHPlus and MM-Seal
AHPlus sealer consists of two components which are AHPlus paste A and B. No ESR signals were observed from the paste A. The signals recorded from the paste B are shown in Fig. 1 . It is clear that paste A, containing the epoxy resin, known as a very toxic agent [28, 29] , does not has a radical structure. However paste B contains radical structure. Therefore, it might be said that polymerization reaction of AHPlus sealer is started by the paste B component. AHPlus samples in both freshly mixed and set conditions exhibited the same ESR signals. ESR measurements were performed on the polymerized AHPlus sealer sample between 25
It was observed that the shape of the spectra and their intensities were not affected by the change of temperature (Fig. 2) . Figure 2 shows that the observed free radical is strongly immobilized. Considering Fig. 2 and the data in the literature [30] , it can be said that the recorded spectrum looks like the spectrum of a nitroxyl radical. Investigations performed on nitroxyl radicals have shown that these radical structures may be destructive for living tissue [31] . MM-Seal samples were investigated in the same way. It was observed that the MM-Seal sample in both freshly mixed and set conditions exhibited the same ESR signals. ESR spectra were recorded from the set MM-seal between 25
• C (Fig. 3) . It was observed that the radical structure in MM-seal was affected by the change of temperature. We do not have any knowledge about whether this new situation produced by temperature is dangerous for tissues or not. However, it is well known that radical structures may be dangerous for living cells [31] . The radical concentration, which is proportional to unpaired electron concentration, was calculated (Fig. 4) using WINEPR software, from the area under the integrated curve. Figure 5 shows that the unpaired electron concentration in AHPlus was more than that of MM-Seal. The concentration on AHPlus changed slightly with Table II .
Thermal analysis
AHPlus and MM-Seal sealer polymerized samples were analyzed by thermogravimetry analysis (TGA) and differential thermal analysis (DTA) methods. Although decomposition of the AHPlus occurred in two steps, MM-Seal was decomposed in three steps. For AHPlus, first a part of the molecule was released from the structure in an endothermic step, then the residual structure was decomposed. Although no degradation took place until 264.87
• C, thermal degradation started above this temperature. For MM-Seal, first, a part of the molecule was released from the molecular structure in an endothermic step, then another part was released from the molecular structure in an endothermic step, and then the remaining structure was decomposed in an exothermic step. Decomposition has started at about 296.2
The studies reported here give insight into the structural changes occurring as the root canal sealers are decomposed with temperature. Thermo-analytical results from TGA-DTA curves of the AHPlus and MM-Seal samples in flowing nitrogen atmosphere are shown in Fig. 5a and b.
Conclusions
It was found that AHPlus and MMSeal dental materials have stable radical structures. The radical concentration in AHPlus is higher than that of MM-seal. Additionally the concentration of radicals in AHPlus has changed slightly with time. In the thermal studies, it was observed that AHPlus material is less stable than MM-Seal. In the present ESR studies, it can be asserted that relative cytotoxicity of the materials can be evaluated by measurement of the radical concentration [32, 33] . The literature has presented controversial opinion on the cytotoxicity of root canal materials [34] [35] [36] . Hence, further studies are necessary.
